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_icEtut pvo h$wuY o Yx U Y o x U Yzy|{}s}~v9^ Eduj}6vv}^ ~}s|tcv}Y[a
M0v _iY[vamhY o x p yamh o cEyhaMy n abx U Y[wgduyxcey¡ ¢Y"h£cE¤vY[yyh p cExx p duyh2w6d o y¥h U Y
abx U Y[wgduyt U cEabY pv¦ c"x p wuYv§ TVU Yx p ZtuY0flh¨j pv¦ h U a't obp  uY[Za|©}Y o j U  U §Pªyh U a'« pvo ¤¬­«VY
t o Y[abY0ylh"c®yY0«¯cEtut op cvx U x p yuakamhby®y°ZMcEygtuducEhby±wceh£cwuY[t¢Y[ywgY[yx[Y± o cet U a>h po Yw6dxYRh U Y
yduZ| ¢Y opv¦'² t p hY0ylhk³cE´µ©EcEduYaakZ|duh£cEyY p damj9cE©}Y'«¶h Up dghcvabamduZy>cEyjakx U YwgdgYv§|·¸Y]akhkdwgj
h U Y pvo Y0hbxcEj>h U Y]Y7fucEx[hdutut¢Y om¹   p duyw pv¦ h U Y o Y[vamhY o yuYYw ¦ºpvo ce+©vcew9abx U Y[wgduY[a pE¦ cx p wuY»«VY
xcEXh U a¼ZhVh U Y ½¾¬¿À0½MgÁ+g¿ºÂ¬Ã §­ªhia¼dakYwAh p  uduwAcÄZ p wgÅY[w>wcEh£c]wuY0tGY0ywuY[yuxY' o cEt U
akdx U h U cEhcEyj9akx U YwgdgY pv¦ h U ai o cEt U «¶X©}Y o  ¦ jAh U Y o YvakhY o x p yamh o ceyhaceywc© p w2ylh op wgdx0y
aktux p wuYE§·¸YÆamhbdwgj]h U YÆxcvabY pv¦XÇ  o Y[x[hÈrx0j6x0xÉ o cet U a;cEywh U Y[y«VYÆY0flhY0ywµhh p  p6p tayhY0ywuY[w
h p a pE¦ h¨«¼c o Ytut¢Y[yuy|abx U YwgduYv§ÈÊfltGY o ZY[yhcEËakhkdwgja Up «$aih U cEh¶ZµcEyj Ç riÉIaicEyw p6p tua¼w p y p h
yYY[w o YvakhY o x p yuakh o cEyhbaiw6d o y]abx U Y[wgduyu§
Ì ½ÍGÎkÏ|ÂeÐ
E o YvakhbY o x p yamh o cEyha[ o YvakhY o yuYYwGv©EcEwakx U YwgdgYvEtc o ceY0h p t p  p vxcE}a pvo hE©EcEdYa
akZ|duhcEyY p dakjcE©vY|abY0h ¹ «;Y[ U hY[w9x p ©vY o yabY[h o Y[vamhY o amduÑx[Y[yx0j} o YEakhbY o abcEhbd o cEhb p y
ÒÔÓµÕÖ×ªØÙ ÕÖÈÚ
Û×¨ÜÞÝ[ß
àXáâäãËå¢æçÀè¼åêé0ãXëé[çÞìÀâäé0íîíäï$ã-ðëëEæ[çÀìÞñkòóï$ôXõö¬÷ËøºàAö¢çÀæ7ùºñbúìGûIü
ý+þàêô¢ÿ
Unité de recherche INRIA Rocquencourt
Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex (France)
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½lÁ ½ XYVy p Z|  o Y;Zh6`YwuY o YEakh o Y[awcEya
duy|t obp x[YabakY[d o Y[akhduyuY¼x p yh o cEylhbYVamdututu[`Y[ZY[yh£cE o Y
Wcµ
	 pvo w p yuycvx[Y[ZY[yhwuYÄx p wgYv§VY|t op  g WY[ZY|wuY0©Y[yhcE pvo aih oWYax p ZtuY0f6Yv§ Ç cEyaxY o cetut pEo h¬y p da
t o `Y[abY0ylh p yaduyYÄy p du©vY[YcEtut obp x U YduÈx p yakakhbY Wc>cEycEjlabY o YaIw;`Y0tGY0ywcEyuxYawuYw p yuyV`YYacEÅuy¸wuY
w;`Yw6du o YduyY  pvo yYZµceflZµcEYÄY0fgcvx[hbYMwgd±y p Z|  o YµwuY o Yvakh o Ya o Ydgat p d o h p dgh pvo w p yuycvxY0ZµY0ylh
©EcEwuYv§ p dacEtut¢Y[ p yaixY0hbhYZhbY gÁËg¿ºÂ¬Ã½lÃ°e½¾¬¿Þ[½l §Y0YIY[akhy ¦ `Y o Y[d o YcEd"y p Z'  o Y
wuY o Y[vamh o Ya;cE pvo axYa]x p yh o ceyhY[a|yYa p yh]tcva|yV`YxY[ababcE o Ya§ly p yXy p da]c qmp duh p yuaÄwuYa]c o xa]wuY
abY o ³ceabcEhb p y¸wcEya|Yµ o cEt U YceÅuywuY o `Y[wgdu o Yµc2acehbd o cEhb p ycEdwuY[aba p da]wgd¥y p Z'  o YMwgY o YEakh o Y[a§
rÆyak-¢y	 Zt pEo hYdY[Y U Y0d o akhkdY|w	 pvo w p yuycExY[ZY[yhIY0hw	îcE p xcEhb p y"ced o ccvakabY wgY o Y[}akh o Y[aY[h
y	 yh obp wgdg o c9tcvaÄtc o x p yual`YdY0yhMwuY>x p wuY>wuY©wcE}Yv§ p aÄY0fltV`Y o Y0yxY[aµakd o tgdamY[d o a Ç riÉa]Y[h
  p dx[Ya¶Z p ylh o Y0ylhdYIwcEyua$c|ZMc qmpEo h6`YwuY[aixcva¶Y[aix p yh o cEyhY[a$wuY o YEakh o Y[aia p yh p  a p  WY[hbYa[§
 Â0Î£ ½5 x p yh o cEyhY[aIwuY o YEakh o Y[aê ¢Ya p yRY[y o Y[vamh o Y[a pvo w p yuyceyxY0ZµY0ylhI©EcEwuYEGh o h p t p  pE¹
vdYtc o cE WY[YvlacEhkd o cehb p y2Y0y o Yvakh o Ya[akduÑabcEyxYY[y o Y[vamh o Yau©EcEY[d o a$akZ'duhcEyV`Y[ZY[yh¶Y0y2©Y
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op  uY[Z §§§§§§§§§§I§§§§§§§§§§§I§§§§§§§§ \
sg§ l§\ Ç riÉTS p wuY["§§§§I§§§§§§§§§§§I§§§§§§§§§§§I§§§§§§§§ \
sg§ l§   p Ztuduhky_$YvakhbY o ÆY[Yw §§§§§§§I§§§§§§§§§§§I§§§§§§§§ \
sg§ l§äs  p Ztuduhky_$YvakhbY o gcEhkd o cehb p y §§§§I§§§§§§§§§§§I§§§§§§§§ \
sg§ l§UF nop tGY o hbYa ¦ºpvo y p y  p ygyYx0hYw Ç riÉa §I§§§§§§§§§§§I§§§§§§§§¯s}s
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\v§\ _iY[vamhY o abcEhbd o cEhk p y2cEycejlaka¶akhY0ta §§§§§§§I§§§§§§§§§§§I§§§§§§§§ 
s6§\ ÊfgcEZtuYa pv¦ akh o x0hicEy>tc o ceY0Gh p t p  p vxcE¢a pEo haR§§§§§§§§§§§I§§§§§§§§ 
s6§   RÆr¸tc o cEY[¢h p t p  p vxcEGa pvo hba §§§§§§§§I§§§§§§§§§§§I§§§§§§§§ ~
s6§äs  RÆr¸h o cEya ¦ºpvo ZµcEhb p y §§I§§§§§§§§§§§I§§§§§§§§§§§I§§§§§§§§ \
s6§UF n
p hbY[yhbcEX¤y Ç riÉ §§§I§§§§§§§§§§§I§§§§§§§§§§§I§§§§§§§§ \s
s6§  nobp t p akhb p yX»YcEx U t p hY0yhb³ceê¤y p tGY o cEhk p y>xcEyA¤l¢h U Y©EcEduY§§I§§§§§§§§ \ F
s6§ Q  p yA©EcEwµ¤y ¦ duyx[hk p y>§I§§§§§§§§§§§I§§§§§§§§§§§I§§§§§§§§ \
s6§  Ç a qmp yh¼©EcEduY Ç riÉ §§§§I§§§§§§§§§§§I§§§§§§§§§§§I§§§§§§§§ \
s6§ä VpEo x[y|©EcEduYa¶h p  ¢YamZ|dgh£ceyY p duakjµcE©}Y §§§I§§§§§§§§§§§I§§§§§§§§}
s6§ä~ EijtGY o  o cEt U cvaba p x0³cEhbYw>h p ¤yu ¦ duyx0hb p y §§§I§§§§§§§§§§§I§§§§§§§§}
s6§\CSAyuZ|duZ ¤y'abY[hÆcEyuw2abcEhbd o cEhby ¦ duyx0hb p y §I§§§§§§§§§§§I§§§§§§§§v
s6§\}\ Y tc o hbhYx p Zt p yuY[yha§§§I§§§§§§§§§§§I§§§§§§§§§§§I§§§§§§§§¯s}
s6§\ Y duwgyu|acEhkd o cehbyu Ç riÉa§§§§§§§§§§§I§§§§§§§§§§§I§§§§§§§§¯sF
s6§\s PÈcEdYakY o ³cEcehb p yM§§§§§I§§§§§§§§§§§I§§§§§§§§§§§I§§§§§§§§¯s
s6§\ F5Êyuakd o Yt p hY0yhb³ceê¤y p t¢Y o cehb p ya¼t op tGY o h¨j §I§§§§§§§§§§§I§§§§§§§§¯s}~
s6§\ _iY[wgdx[y o Y[vamhY o abcEhbd o cEhb p y §§§§§§§§§§I§§§§§§§§§§§I§§§§§§§§XFu\
s6§\ Q Ç a qmp yh¼©EcEduY Ç riÉ a p tuhkZµcEG«¶h U y©}Y o hbYw2h o Y[Ya §§§§§§§§§I§§§§§§§§XF
s6§\ n d o YIwcEhc
 p «¡y©}Y o hY[wAh o Y[YaI§§§§§§§§§§I§§§§§§§§§§§I§§§§§§§§XFs
s6§\ _iY[vamhY o 6cEhbd o cEhb p y>y ¼cvakY pE¦ Y;o cEyx U Y[a §§§I§§§§§§§§§§§I§§§§§§§§XF
Fg§\ Riy obp y ¦ dgyx[hk p yA§§§§§I§§§§§§§§§§§I§§§§§§§§§§§I§§§§§§§§XF
Fg§  _iY op yu ¦ duyx0hb p y5§§§§§I§§§§§§§§§§§I§§§§§§§§§§§I§§§§§§§§XF
Fg§äs + c / ªhbY o cehb p y p ©vY o cEta +   / GyYhY o cEhb p yakx U YwgdgY + x /  pE¦ h¨«¼c o Ytut¢Y[yuy'Z p hb ¦ §§v
Fg§UF + c / PÈcEdY ¦ Y0hbZY$yhY o ©EcEa¼y>h U YZ p hb ¦ê¹ +   / TVU Y ¦ cEZj pE¦ x0 o x0du³c o yhY o ©EcEaI§§§§6\
Fg§  G uabY o ©EcEhb p y>«¶yw p « §§§I§§§§§§§§§§§I§§§§§§§§§§§I§§§§§§§§Q
Fg§ Q V dgjtc o cEY[¢ plp ta §§§§I§§§§§§§§§§§I§§§§§§§§§§§I§§§§§§§§Q
Fg§  nobp  uY[Z pv¦ idgXx0j6x0Yc ¦ hbY o¶o Y op y9§§§§§§I§§§§§§§§§§§I§§§§§§§§}
Fg§ä  p ywghb p ya pv¦Ç Y ¦ §dFu§ä ¦ºpvo¶o Y op y'y p hiabcEhbakÅY[w §§§§§§§§§§I§§§§§§§§v
l§\ ÊfgcEZtuY pv¦
o Ywgdux[yuh U Y o YEakhbY o abcEhbd o cEhb p y>y2c Ç riÉ §§§§§§§I§§§§§§§§eQ}
Q6§\ TVU YÅ o akhiw o c«¶ cvx¤ pv¦ ZyuZ'duZ ¤ly|akY[h$hY[x U yu duY|§§§§§§§§I§§§§§§§§6\
Q6§  TVU YakYx p ywAw o c«¶ cvx¤ pv¦ ZyuZ|duZ ¤yabY0hÆhbYx U yu dY §§§§§§I§§§§§§§§6\
Q6§äs TVU Yh U  o ww o c«¶ cEx¤ pE¦ ZyuZ|duZ ¤yu'abY0hÆhbYx U ygdY §§§§§§§I§§§§§§§§}
V §\ y ¹ wuw p h §§§§§§§§§§I§§§§§§§§§§§I§§§§§§§§§§§I§§§§§§§§¯F
V §  akt¢Yx ¹-¦ tutut §§§§§§§§§I§§§§§§§§§§§I§§§§§§§§§§§I§§§§§§§§¯V §äs X©}Y o Z pvo YE» plp tX\}l plp t¬6l plp t¬vs o YamtX§§§§§§I§§§§§§§§§§§I§§§§§§§§¯ZQ
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V §UF akt¢Yx ¹ w p wê» plp tX\}l plp tsgl plp t¬ o Y[aktX§ §§§§§§I§§§§§§§§§§§I§§§§§§§§¯V §  akt¢Yx ¹ aktuxYE»È p6p tê\}6 p6p t6l p6p ts o Y[aktX§¶§§§§§§I§§§§§§§§§§§I§§§§§§§§¯}V § Q akt¢Yx ¹ aktuxYE»È p6p t66 p6p t Q o Y[aktX§ §§§§§§§§§I§§§§§§§§§§§I§§§§§§§§¯}~V §  akt¢Yx ¹ aktuxYE»È p6p tdF §§§§§I§§§§§§§§§§§I§§§§§§§§§§§I§§§§§§§§¯~}V §ä akt¢Yx ¹ aktuxYE»È p6p t66 p6p tgl p6p tX\ o Y[aktX§ §§§§§I§§§§§§§§§§§I§§§§§§§§¯~g\V §ä~ x[jlx[Ya ¦³op Z « U Y[hbakh p yYv»Èx[jlx[Yv\}x0jlx[Y6x[jlx0YmFgx[jlx[Y o YamtX§§§§§§I§§§§§§§§¯~g\V §\akt¢Yx ¹ h p Zxcehb©¬» plp tX\ §§§I§§§§§§§§§§§I§§§§§§§§§§§I§§§§§§§§¯~V §\}\« U Y[hbakh p yYv»­ plp tX\}l plp t¬6l plp ts o Yaktê§
§§§§§§I§§§§§§§§§§§I§§§§§§§§¯~}s
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ªyÄªyamh o dux[hb p y]XY[©vY[ n c o cEY[akZ +  n / x p ZtgY o a[ex p wgYVabx U YwgduycEyw o YvakhbY o cE p xcEhb p yc o Y­h¨« p
wgÑx0duhih£cvam¤la ¦ºpvo x p wgY p tuhkZcEhb p yX§ p wuY'akx U YwgdgyuMx p yuakamhay9ZµceflZ0yÄh U Y'Y0fltu p hcEhb p y
pv¦ h U Yµ n p
	 Y o Yw¥ j¸h U YMt o Y[xY[wuY[yx[Y o Y[cEhb p y  ¢Y[h¨«;YY0y h U Y p t¢Y o cEhb p yayc"x p wuYE§ GyY ¦ cvx[h pvo
h U cehÈy U  uhbaakdx U dabY¶ah U Y o YEakhbY o x p yakh o cEylhba§ EÆc©lycZhbYw'yduZ| ¢Y o;pv¦¬o Y[vamhY o at opvU  uhaU c©ycey±duy  p duywuY[w±yldgZ| GY o|pv¦ ©EcEdYaakZ|duh£cEyY p damjRcE©}Y7§ T « p Zµc qmpvo yY[cEhb©}Y o YEakhbY o
x p yuakh o cEyhbaÆc o Yv»
\}§¶abY o cE cEhk p y pv¦ ywgY[t¢Y[ywuY0yh p t¢Y o cEhb p ya} ¢YxcEdakYÆh U Y o YÆc o Yiy p h;Y0y p d Uµo Y[vamhY o a­h U cEhÈx p duw
¤}Y[Y[t"cEêh U YyhY o ZYwgcEhY o Yamduhba
6§¼yh op wgdx[yMamtux p wuYEêh U ceha«;YÄdabY|h U Y|ZY[Z pvo j2cvaIcEyyhY o ZµY[wg³cehY'amh pvo cv}Y'yakhbYcvw pv¦
o Y[vamhY o a§
_$YEakhbY o cE p xcEhk p yÄx p yamakhba;yMcvaka p x[cEhbyct U jlakxcE o Y[vamhY o h p cI©vcedY¶t obp wgduxYw«¶h U yh U Y
x p wuYv§  ¦ h U a'hcvak¤ a|xc obo Yw p dgh| GY ¦ºpvo YMh U Yabx U YwgduygÈh|yh obp w6dxY[a|yY[« ¦ cEakYMwuY[t¢Y[yuwuY[yx0Y[a
+ cEyhkêcEyuw p duhbtgduh¼wuY0tGY0ywuY0yx[Ya /  ¢Y[h¨«;YY0y>h U Y p tGY o cEhk p yuaVcEyuwµZhbyuh U YcEZ p duyh pv¦  n §g ¦ xc ok¹
o Yw p duhc ¦ hbY o Xaktux p wgY]Z U hÆ GYÄylh op wgdx[YwêXamyx[Y]h U Y]abx U Y[wgduY o h o Yah p Y0fltu p hIcEh ¢YamhIh U Y
 n Ët op wgdx0yAh U Y0y±Z pEo YÄ©EcEdY[aamZ|dgh£ceyY p duakjcE©}Y]h U cEy¸h U YµcEZ p duyh pE¦ t U jlakxcE o YEakhbY o a§
ltux p wuYÈw o cEZMcehbxcEjiwuYx o YcEabYa
h U Y­tGY ob¦ºpvo ZMceyxY ¢YxcedabY pv¦ ZY[Z pvo j U Y o c o x U jcvxx[Yaba+³cEhbY[yx0Y[a§
r  ¢YakhMcEtut obp cvx U ax p Z| gyuy¸x p wgY2akx U Ywgdgyu¸duywgY oµo Ya p d o x[Y"x p yakh o cEylhba§ TVU Y o Y[cEhb p y
 GY0h¨«VY[Y[y h U YMh¨« p t U cvabY[ac o YMamhbdw6Yw¥y®c p akh pv¦ « pvo ¤ Y;o cv~FuÉ Evg Y ÊhEÆ~g\} n y~}sÀ§ TVU Y0 o
tud o t p akYa¼h p h o jx p yakh o dx0hbyc]akx U Yw6duYI«¶h U c|ZhY[wMcEZ p duyh pv¦ ©EcEduYa¶akZ|duh£cEyY p damjµcE©}Y
y pvo wuY o h p c© p w]aktgux p wuY¼« U Y[yMcE p xcEhby o YvakhbY o a[§ TVU Y¶ZµcEyÄt obp  uY[Z «¶h U akdux U cEyµcEtut op cvx U
aXhba U  U x p ZtuY7f6h¨j}§HGyujx p wuY­abx U Y[wgduy$t op  gY[Z¡duywuY o
o Ya p d o x[Y;x p yamh o ceyhaXa n¹ x p ZtuY[hYE§
rwuw6y o Y[vamhY o x p yamh o ceyha¶h p h U a¼t obp  uY[Z yx o YcvakYa¶h U YIx p ZtgY0flh¨j}§
ªyh U a o Y0t pvo h¬«VY|t o YakY[yh p d o x p yh o  uduhk p y2y"h U Y'ÅY0w pv¦ c© p wgycEyuw o Y[wgdx[yaktg
x p wuY
h U ceh¶x p dgw ¢Y}Y0yY o cEhY[wM jcEyjabx U Y[wgduY pE¦ c Ç  o Yx[h;rx0jlx[xÉ o cEt U + Ç riÉ / §dGd o cEtut obp cvx U a;h p
Z p wg ¦ jAcEyw9Y7flhY[yuwPh U Y pEo EycEË o cEt U y9akdx U c«Vcj2h U cEhcEË©EcEw2akx U Yw6duY[a pv¦ h U YyY0«  o cEt U
©}Y o  ¦ j¥h U Y o YEakhbY o x p yakh o cEylhbaµceyw c© p w aktuyuakYY>Åvd o Y¸\}§®· Yt obp x[YY[w  jakhbduwgjyRh U Y
« pEo akhVxcvakYÆy o Y[vamhY o yY[Ywê§·¸YxcEh U a­y p hk p yh U Y ½¾¢¿Þ[½'gÁËg¿ºÂ¢Ã pv¦ cx p wuY$« U x U a­h U Y
ZMcf6ZMceyldgZ| GY o¼pv¦Go YEakhbY o a + ©EcEdYaÈakZ|duh£cEyY p damj]cE©vY / h U cehVx p duw GY$dabY[wM jMcEabx U Y[wgduYa§
 ¦ «;Y$akdx[xY[YwyÄZhbyu$h U Y o Y[vamhY o acEhkd o cEhk p yêvh U Y0ycEyj|abx U YwgduY$x p duwÄy p hY7fgx[YY[wh U Y o YEakhbY oo Ydg o Y0ZµY0yh§È_iY[wgdx0y'h U Y o YvakhY o acehbd o cEhb p yµyl© p ©vYa¼ylh op wgdx0ya p ZYÆyY0« akY o ³cEcehb p yMc o xa
 â fìÞñkçVñkòâ é7ìÀñçÞñbãÀðíäìÀãêægæëeñbçÀé0ìÞâäækfãêðãÀñkòÆìÞæ$ëeðçÀã-ðñìÀáñ­úæ¼ëðìÞâ f
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(a) bipartite DAG G with its saturating killing function
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(b) DV_k(G)
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(d) z = x * z
(e) w = x * x
(a) x= t * e
(b) x = x / e
(c) y = y / e
(d) z = x * z
(e) w = x * x
a a
b
fe
e d
(3) DAG through the first path (4) DAG through the second path
c
c
(a) x= t * e
(b) x = x / e
(f) y = y’
(c) y’ = y / e
bb1 bb2
bb3
bb2bb1
bb3
bb0 bb0
(1) Original CFG (2) Speculated CFG
P ? '  /vi)xw Y  ?J 9   G +9 ' K9   )   ,  J< B 7   
z
	
SG  	,{ r 4n:fB,{ r h    r     Ue Y
   r +	  
	 
   
	    
.E 9  V 7 9    0 83: 9 & J'  8   . 9   * S #  (#    & 9  % !  ?  #  T     "!`"!$#"!$% $& E9 ZK9J  ( *&  9  +9 (3#,&(&7]7   9 ! 9(0 ' 7  9 ZK9;Y
'   )(+*,.-JY/)(C9    9 J< " K* ' 8  ( A 8   9 8!  ?J 9   J< 9 L7        9 ! #, E0 9  .-  : !!?T  ( 10
'    (2*  -JY  - 9    9 J<   8 + 7 >c9 '  (3#,&((7 97 ( +' ?   ?J 9   J< 97 7     (  9 ! #, E30    -$    +*z+ 7 Fc9 ' 8(3#,&((7 09 ( J' ?  W    !    9   ?J 9  >9 ! #; E30
' !  I97  *@+9 7 ! <@' (7 9    <=    7  + 7 0
' !4#C I9  8   9 / *@ !0
' !4% I9     )( * `!0
' &  I97 8 9 (7 J<  (#;(&7L! 9   +<  '  %;  J<  9  +9     )
*  O# '  #    J< 9  F 7 9     /9  7 +* 7 ' *@+9    ' # #, 65 % J'  J< 9   ?J 9  V+9 ' +9    <= ]  !* 6 #  9  <=   J< 9 8 K #("#, * !!?  G87 ^ E9 7   ' * ,) G 78\    9 8  !  % +' 9   J'  77   9 ! 910 8M , '     ! G87 ^ 97 Z+9 7 +' * +%,X% '  *!9 <= /9 #  7(77   9  9   ( * 
% ! T Y  !  97   7   9 ! 9M* !.J    J'  7  '   9  % '  *  G97 ^  7   ' *   +  A ' %   9 J< 9    9
J< +*!*; 7   ' *   97 Z+9 7 J' * 6%, % '  *!9 <=  T   *"! )
:<;>= ?A@CB<@CDFEHGJIKLKLDFMEHN
O '  !(   >9 '    **U9  * 6 #  7 9   '  %;  J< 9      (  # # *&!97  ILKJM 9 7  (QP 'SR )L*  R 
8 R  R   **N9 R ILKJM 9  7   R %  7. 9    R 8 ?  #  8> 9 Q   R  R 8  R   +* QT +9    R (? R  ) 7 R 7  9 R  ,7 '  R 9 Z+90  ! G97 ^  7  R  ' * RLJ< 9    R 8 ?  #  7  (  9 '  R    R 9 R   7 R 9 !  J'  9
J< #  <!=  7 +*z R ?+ 9 R  )
   *!* ?    R   *!* !? K R8 %#"# J' I9, .  )H*  R !)+ RUR :=# *@  R 6% R *  8N)
V {9W2XZY\[]Y=~)X ,z`=b_^6` XzyK~)abacYbXedgfZhZXij[>Yc~)Xlk _ nmJf 9dJeBoNTo p "qP"!`"!4# "!4%1$& E nO
I6f3h  4dHo;ef0f3{6ffH0
 3k e k4  h
Y
o k1ff%eL
qhzh  4dsrf 3k	 
>o^o h  HfBXkN
9Tt" zk\3kce  3kChvuLo
Y zkd nmJff%e0
qhzh  4d
6f dJeffswPo;e0
I,f+f0 r yx{z}|  T E  pU~ "q ~ "!`"! ~# "! ~% E  B,hzh!fB hXzy|~3aba={Jac~,~ _ "3f+0Wk1 ,k
'  ~   ) *{Z*>>* |     k1ff3k 
rH
I6f0H   efsoZfB,kqfBw/kd zn:f0 
zu
 0f d 3ksf&e,kfSe,k	 
 ,kfsoZf6ffIeo  
  	 
    ! ~%    E  !4%   E ! ~#    E  !$#   E 4 w fB%0
I6f     w 0
o Hf0H   ~
  ~( 	 
  4 w    )( m,hmff3
I6f04   ~ Jefk1fH0
o Hf0H
r m,hmfZf3
I6f04  )(
  ~-   ~!  ~( 
' q ~ #"    %$ '&)( E 
    *) $ '&)(  '&)( p   +$ E  q  &  p E  D, .- D  w/.021 f B,hzh    +$ '&)( EO0
o3uW
rp043Q%0\ kce,{N zksf&e,k	 
5JeL3 +qR lw50
o Hf0P  q ~   fB%0O ksf&e{N zkqf&eB,k	 
>JeL
 NnD uK0
o Hf0cc6f03k	 ,kd 
 *5&f3h
4d 4dPkN
  ~ 
' p ~  q ~  c0
o3u 
r5p  q6 ! ~  p ~ E  !  p E 0
*87:9 $<;2a={ ,=?>@=A>B  ed,fSef.0Cd nmJf0G f6V,no h!fG
rVf eL
qhzh  4dD0{ Xf dJeo$T o;ef0fksfB\ $o/JekCJE M f%eL
qhzh!fBxkct 
$kd zn:f05o;eL
I,f+ 4d6kf r   xo/Je3kPJ @ MF0G3Q%0JeL p5
r9T  VhED5&f3h!fBH5 u$k1fD0
qf`o h!f
 !`$& E "fB%0OJeLP Wk1f  r _x{z   T E  hED5&f3h!fB25 u ! ~ 0I1fef3nDJe+JVk ,k2k1fJeL  p+K E %
f03
qkf6  3k_ Qk1fAf eL
qhzh!fBxh
Y
o` fVk1fAf eL
qhzh  4d6f dJeff   c
qk0f
qf,dtk 
W jmJfAkfG6f03kd ,k	 
LK 
 /k1ff3k 
r
I6f00
g
a b c
d e
f
(a) the graph G
(5, 1)
(10,1)
(5, 1)
(7, 0)(8, 0)
(11, 0)
(10, 0)(6, 0)
(5, 3)
(8, 0)
10
10
6
11
7
5
11
106
8 8
8 8
7
5
MONQP)R4SUT%MWV:P
XZY
[\Y] Y
^%Y_ Y
`a b\a X\a
[ca] a
_ a ^da
bZY`UY
fegih  R   )xw Y kj +lFmnm enj,gpoh)j,qsr%e l j
*  R  R +lFmnm enj,gtohuj,qUrce l je  r  R evjw R  R l o,h)j %lFmvm evj,gi)*  @x rye  evr # +l{z h,q R  r  R g +x #  o %l,|x jh)j %lFmvm R zl j R )
V {9W2XZY\[]Y=~)X ,=}J^c~ {#y|~)acabYbXZdLfZhZXij[]Y=~)XFk _ nmJf Zf%eL
qhzh!fB  r ox{z}|  T E  p ~ "q ~ "! ~ "! ~# "! ~% E
r+dJeo T     qO"!`"!$#  !4% "& E f6kqf6fB t" zk1[Y
qn:f>,f4t f&e  	,h  WY,kd 
 JeL0+q h q ~ kf
z
	
    	,{ r 4n:fB,{ r h    r     B e  Y
   r +!3 
ef&e0
qhzh  4d rf%3kd 
>o^o h  HfBAkN
xz}|  T E o;eL
I,f+f0f6kqf6fBNdJeo T	
  B,hzh!fB y|{#y|~3aba={gdZy 9 ; 
3f0~k ,k9
q, " p  +$ E 
 p ~     %$ '&)( E  q h  !  p E  ! ~  p ~ E  &  p E  /
tZf&eft  +$ '&)( JefFk1f0
o Hf0
rk %$0
*87:9 $<;2a={ ,=?>@=} B  ed,fSef.0Vd nmJf0PCf6V,no h!f
r ef&eL
qhzh  4dAk1ff%eL
qhzh!fBXh
Y
o`
rJkfLf6V,no h!f>.0CD0C6rksf&eC 4dAk1f3,f4t f&e  	,h  WY,kd 
JeL0  |')` @  E   u )` @  E   KV) pU) E J 0fBGJeL03 Xo/JekE MF0  Xfef&e0
qhzh!fBXdJeo 5o;ef0fksfBO Oo/Jek3J @ MF0 Xf ,f4t JeL0Jef  |  @(E   uq @(E   K p E t" zk1 ef0soZf03kd nmJf
hE,ksf Hf0 K 3kf0  w w E   w w E   w ^E 0
g
a b c
d e
f
10
10
6
7
11
106
8 8
8 8
7 (b) the rerolled graph G
(5, 1)
(10,1)
(5, 1)
(7, 0)(8, 0)
(11, 0)
(10, 0)(6, 0)
(5, 3)
(8, 0)
(1, 1)
(1, 0)
(1, 1)
11
55
1
1
1
X Y
[\Y] Y
^+Y_ Y
`a b\a X\a
[ca] a
_ a ^a
b Y`sY
M%P,R4ST%MWV:P! "$#% '&%(*),+-*.,/01*&2'#
fegFh  R   )  Y  R +limvm enj,gpoh)j)qUr%e l j
3 l 8 0 8 R l j m"!x @x w R r lIz R ')j R r  R h)j %lFmvm evj,g z R g  R R 8  evq  e  r  R #)h  # l R l o r  R  R Ix enj)evj,g l or  e  q  @x #)r R  ) 7 R % R gFevjW% ! R q ximnm enj,g %l, R j l rce l j kx % l h)r %l or 8 x+ R #)e"# R m enj)evj,g*r R q  j)e PDh R )
:<;54 6 M87:9<;EHDF@ =?>}K @CG@>}BA>}BCB
K %l or 8 x+ R #)e&# R m evj)enj,g  q  R z h m RED l o x g x #  T GF  "qP"!`"!4# "!4%1$& E  R #  R  R jr%enj,g/#  R q R z R j,q Rq l j  r +x evjr  l o x2mvl!l #~8 enr  IH enr R x rce l j (0 q l j  e  r  evj l w R %mx # #)evj)g2r  R R : R qsh)r%e l j l o # x++ximvm R m:l # R +x5r%e l j  % R ml j,gievj,g r lHz eKJ R  R jr*evr R x r%e l j  )6*  R  q  R z h m R e *z R ')j R z % ! x j YbXYn[]Y 9 []YL)X YcX)[NMPORQ 9 aTS )
U x q  S  r R # 10.x j R 8 evr R x r%e l j e  e 7 h R z )>*  R  q  R z h m R e  8  evrcr R j Y
 CV     VXW   H W D FA  E  DZY - S\[ 
z^]
   d3k 
	,kf,k,k so  ! " #$o%&  &'
8  R  R D FA   E e  r  R  q  R z h m R l o r  R j l!z R  l o evr R x rce l j  0!x j z DZY  D F  ^E e  r  R  q  R z h m R l or  Rj l{z R  l o r  R '  rkevr R +x r%e l j;)
*  R x h)r  ,l+ evj W 7 U)( G 'F +*  l{z R m r  R  l r%eno l o x G87-,  q  R z h m R xkx r 8 l z e  R j  e l j ximIx r  e":
% ! z R ')j)evj)g x q lim h  j jh  % R  u H x j z+l 8jh  % R /. H o lJ R x q  Ll # R x rce l j;) G l x G87-,  q  R z h m R e z R 'uj R z % ! r  ( R R # x+xq R r R 10 8 R j l r R enr D F5W .	H *  W u H *C S E )S*  R !Lz R 'uj R D x,Y
  V     V W   H W D F   E  .	H F  E - S\[ F u H FA E -  E
8  R  R u H FA E  DZY0  $ S x j z. H F  E  DZY13240 S )
M/+x #  evq ximnm&! F',gFh  R   )65 E0 r  R +l 8 jh  % R $.	H F  E e  r  R  r R # l o:r  RR : R qsh)r%e l j l o) U x q  evj  r x j,q Rl o x j l # R x rce l jL~% R gFevj  enr  R : R qUh)rce l j .	H F  E q ! q m R tx or R  r  R % R gievj)j)enj,g l o r  R  l r%eno@)
  V   879. H FA E:7 S  9;
*  R q lFm h  jjh  % R  u H F  E e  r  R evr R +x r%e l j l o)) O # R +x r%e l j   @x wevj)g r  R %x R q lFm h  jjh  % R x+ R r  ,l R  q  R z h m R z evjW# x++ximvm R m )
DZY  u H F  E [AS - .	H F  E
7 R q x j z R z h,q R R x, e m&! r  @x r
 CV  7 u H F  E:7=<?>A@SCB
8  R  R
>D@   x :YFEFG DZY e  r  R  q  R z h m R r%e  R l o l j R enr R +x r%e l j
V M9W2XZY\[]YL)XIH = a ^KJ 9 abYcMLNPORQ}i	 M8hZaM k #$nm SWhFoQT  F   qO"!`"!$#"!$% $& E T	 1 j F "%U 3{,f=h  D F5W .	H * 	W u H *C S E Um,hVW X,
 p ?FA+$ E VLqO .	H F $ E  . H F  E - S Fp& F p E - u H FA$ E  u H F  EE:Y !F p E
. rke  8 R mvm[Z j l 8 j r  @x r
D F5W .	H\ *  W u H!\ *C S \E e  l #ur%e Ixim 6 S \  Ix :]A^!_`a_cbedUfeg ihkj-l E ] !Fm4nj-l E ] & Fm4no7 R j l r R & Fcpqn  j-l E ] & Frm4n x j z !Fcpqn  jsl E ] !Frm4nt 7 R q x mvm rau R qwv{q m R p \ rau x ryx xz ex e T R|{ ru)e {x rce l ru R i O Yn[]Ybi 9 ai}eia M t
~$K 9q)3 AU evj)q R rau R x l rcevo  R  Rw{ R j{r { x qv{q m evq { qu R z h m R{ l x R w xim h R|{ q l h mvz R x m evw R o lJ x x jv enr R +x r%e l j { F { R R  gFh  R  ¡t  &ntD¢:u R j  m evo R r%e£x R evjr R  w xim {  R q l x R qUe  qUh mx+kx+%l h)j z rau R x l rcevot¥¤ o D e { w xim e z  ru R j
 mC FAq¦%$n V )( ¦   V W  ¦ H * D F ¦  n - !Fm4n 7 D FA$¦ .- & Fm4nan§ w xim h R    +l{z h,q R z x r evr R x r%e l j  e { Z e mvm R zLx r z)x r Ry¨    1 @ F   n  D F $¦ .- & Frm4nan - !$%NFA$no lJm ?FA¦+$n VLq ( eKJ  $ ~ V© 2 H«ª FAn¦"m ~  FA¦+$ ~ nVLq ( ¦   V W  ¦ H *+¬.	H F $ ~ n - S F­ H F $ ~ n - .- & Fm ~ nan - !$%NFA$ ~ n 79.	H F $n - S F­ H FA$n - .- & Fm4nn - !$%RF $n
q x j)q R mnm enj,g l h)rkrau R  ®sR g R rkrau R o lFmnml ® evj,g z R   juevr%e l j[t
] ]°¯D±²w³|´?µ
   	 %W aV
		 B    F	k	U	!3	
V M9W2XZY\[]YL)XIH = H ^ YcabacYbXed VH9 [NM<YbXJ[R M L []Y k  ! o F  ¦"q¦"!F¦"!$#¥¦ !4% ¦"&n 5 :
F#"  D F W . H *r¦	W ­ H *¦ S n	 1%$F "%U a& 0' m(&  V .( "|& " a *)%U +W,) rk) &)  DZY  J-- a8) &)   ¨    1 @ F nFD/. - S [ & Fm4n - !4%NFA$ner  $ V© 2 H[ª F n tA-)%ym  F ¦+$n VLq (  X  $~ V© 2 H«ª FAn 
 m ~?F ¦+$~ nVLq ( . H F $ ~ n - S F­ H FA$ ~ n - & Fm ~ nan - !$%NFA$ ~ n 79.	H F $n - S F­ H FA$n - & Fm4nan - !4% F $n	«%U 01)%U  acY'M[]Y2 M YcX)[NMPORQ 9 a r 3D!,)  a >14 @Y )y 5D! a 5 u>64 @Y * .	H F n - S [ ­ H F n - !4#F n¦ .	H F $n - SI[ F­ H FA$n - & Frm4nan - !4%RFA$n *
tA-)c%m FAq¦%$n V<q ( 0¢:u R abY'MJ[]Y2 M l o x w xim h R e { rau R x x l huj{r l o rcex R  R r ®sR R j evr { z R   j)evrce l j rcex R F DZY n x j z enr {Z e mvm evj,g z,x r R ¬
 87 m 9  1 m @ FAnF;: >64 @Y :  ¨   1 @ FAn  D F n  !$#FAn
V M9W2XZY\[]YL)XIH = <J^?> }eiabYci@sY'M*A X3[NMPONQ 9 apk  B)/ ?F  ¦ q¦"!F¦"!$#¥¦"!$%|¦"&n<5 F#"W D F W . H *r¦	W ­ H *¦ S n	 1C$F "%U a&D 0E	«%U  4u BV FV r  G) $m© >64 @Y rp V )( H)c%U W,)r rF)c%U FV r  B)r-W WG)  4mW|&D S 0I?) 5D! aI5 u  rw -vuKJ Y ML 4 \ ¦ONONPN«¦ 4 (  r
G)  $m  RQTSU%QDB&U "%R)c%) 
' G& 5  rkG) $m 
 WV  X7 m 9  1 m @ F nS Y
' G)  BW a)   G)  $m     w   ¦ 4 |  W  ¦ S W
1
3
4
-
5
0
2
rn3
4
-
10
1
2
3
4
5
5
cn
(c)(b)
012
0
1
2
3
4
5
0
1
2
3
4
5
6
7
8
9
10
11
3
4
5
3
4
2
-
-
1
1
0
5
2
0
0
2
(a)
nd2
Time
Iterations
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
h
h
h
1 st
3 rd
Z egFh  R  t 5¬ F x n ¤ r R +x r%e l j l w R %mx U{ F  n O j R evr R +x r%e l j { qu R z h m R FAqFn  l or ® x+ R e 3R m enj)evj)gx l r%evo [-\
]
[]
  B) 
	)&)) X"  ! " #$?"%&   ;
'  r  )c%U  4 \ * .	H F n - !4#F n¦ S W  4 (  W  ¦ ¨   1 @ FAn*
'  B F 1  4 \  4 ( * . H FA!n - !4#F n?¦ ¨   1 @ F n*
7 R z R j l r R  v
	'J rau R { R r l o x mvm qse  qsh mxK evjr R  w xim { evj xml{l  ¬
	'J  
YFE G J Y
10
11
12
13
14
15
16
17
18
19
v3
v3
v2v1 v3
h=4
h=4
Time
0
1
2
8
9
3
4
5
6
7
v1
v2
v1
v2
v1
v2
iIteration
Iteration
Iteration
i+1
i+2
St
at
e
v3
(a) (b)
h
indicates the kill of a value modulo h
St
ea
dy
Z egFh  R  t  ¡¬ F x n xim h R m evo R r%e£x R enj{r R  w x m { evjpru R x l r%eno 5 F  nK¢:u R o x x e m v l o@qse  qUh mx+enjr R  w xim {
¢:u R j  q l x  h)rcevj,g4ru R  R gFe { r R  j R R z e { z)l j R  v R zux x evj)enj,g rau R x xz exhx jh¡x  R  l o l w R cmx  R zevjr R  w xim { o lJtximvm rau R w xim h R|{ t
V M9W2XZY\[]YL)XIH = ^c~ M9d)YQ [NMPOIMPM L  9  L []Y k #$nm   F#"   F  ¦"q¦"!F¦"!$#q¦"!4%|¦$&n I	 1C$sF "%U a&  D F W . H *r¦	W ­ H *¦ S n#)c%U   B)   ! " aTrK)c%U 
	 1%$ W,)r r @ F  n y 5D! a 5 u
 @ F  ynF x xz\   : $ ª E @ F  n :
tA-)c%
$ ª E @ F  n  L 4 V!	'J 
  V 4  )c%U  m ? ?" " aG)  $m y) B)G) 
" l x  hur%evj)g F  n$u x { x  lim vj l x e xim q l x  m R z evr v$# F S\[ : J :en {6R R xim g lJ enrau¡x&%t
] ]°¯D±²w³|´?µ
   	 %W aV
		 B    F	k	U	!3	
 abdLOY\[N!2  " l x  h)r%enj,g  R gFe { r R  j R R z evj x x l r%evo
~ M1hZY ORM ximnm qUe  qUh mx+4m evo R r%ex R enjr R  w xim { 	 J 'LO 87   S{ L LQenj)evrce xim e T x r%e l j 
$ ª E F  n  
M8XZ 'LO'LO 87   S{ L L	q l h)jr%enj,g w { x!'LO 9 aba 4 V!	'J  LY  V 4 [R MX$ ª E F  nF $ ª EF  n - ;
M8XZ Y
M8X 'LO
M8XZ 'LO'LO 87   S{ L L {6R x+ qu)evj)g ru R x xz e£xh¡x w { x!Y $ ª EF  n   [R M8X
	3 8w { x FAecn
M8X_Y
M8XZ 'LO
~$  9q
 ¥
¡¥U )38 ¤ re { rau R x x4z e£xh¡xw xim h R|{y{ exph m r x j R l h { m v xim enw R rau x rpq l h mz  R g R j R +x r R zS v x 87-, { qu R z h m R tZ lJ x ximvm v ® R
®  evr R ¬
V M9W2XZY\[]YL)XIH = #$nm   F#"  F  ¦"q¦ !4¦ !4#¦"!4%|¦$&n I)c%U  B)  |) &)r TF  ynWr)%F#" y 5D! a 5 u 
 D F W . H *r¦	W ­ H *¦ S ny	 1C$sF "%U a& r  ¬  @ F  yn 7 TF  yn
:<; MLBA>}BCB EB @ LN1>}BCB @ B$>"!^9l@CD 6 E 9#LDFE 9 > M B M87 E
G M M K
~%$/K 8 '&
¡()(K*k,+ ¡§ { enj{r +l{z h,q R z evj { R qsr%e l j  ¡t ; ¥®sR ml{lZ o lJ2x j h)j +limvm enj,g z R g  R R ru x r 3R  x enr { h {R z  mvl evrcevj,gHrau R
- §/. x ¡ +l x qu { r%h z e R z evj qu x  r R  5t¢:u e { h)j %lFmvm evj,g z R g  R R wxh { r { x rce { ov rau R q l j z evrce l j ru x rrau R  R gFe { r R  { x rch x rce l j l o ru R h)j +limvm R z ml{l  { u l h mz  R g  R x r R  l+ R PDh xim ru x j rau R  R gFe { r R  j R R z +l{z h,q R z v x jv 87-, { qu R z h m R t:¢:u x rke {$®sR { u l h mz h)j +limvm ru R ml{l  R j l h,guHr%ex R|{ r l gFh x++x jr R Rrau R o lFmnml ® evj)g  +l  R  r v+t
V M9W2XZY\[]YL)XIH =10 ^KJ 9 abYc ` X ORL)abacYbXZd V M9d ORMPMSk  B)D o F  ¦"q8¦"!F¦"!4#¦"!$% ¦$&n<5 :F#"k B)r? B)vu"F-)rnm  &U,-V   " " /w.0 	«%U  
# x{z}| F  n  F  ~ ¦"q ~ ¦"! ~ ¦"! ~# ¦ ! ~% n)%U &U,- aRF#" 0 wSmVC&U",-V T  "   X -) &aG)  " "K)%U  r ,-tA "#" ?)cuF
 mV D F W . H *r¦	W ­ H *¦ S n$¬  @ F  n 7 2px{z}|	F  n*3 F  ¡t ; n[-\
]
[]
  B) 
	)&)) X"  ! " #$?"%&   5
¢ l   j z x w xim e z h)j +lFmnm evj)g z R g  R R rau x r   Rw{ R  w Rw{ ru R  R gFe { r R  { x rch x rce l j  +l 3R  r v F  t ; n  ® R R gFevj  v z R   juevj,g rau R j l r%e l j l oru R WOQ [2; LQ Q Y a M Q 9 ach M MW2XYn[]YL3X x j z a 9 Q [2; LQ Q}Y a M Q 9 ach M Ybaca rau x r x xZ R|{ h {/®  enr R m R xx x  ¡t ; t
V M9W2XZY\[]YL)XIH = ^ f YOQ [O LQ Q}Y 2aM J 9 ach M V MWlXZYn[]Y L)Xlk #$nm 8+F#"   F  ¦"q¦"!F¦"!$#q¦"!4%|¦$&n -)cG5|ju  F  ¦"q ~ ¦"!F¦"!$#¦ !4%?n  6)%U  5DB) "F"A5P  m(&U   5DU-) ry# A!,)  a 7 0 F  n#D 5D! a 5 uF7 0 F  ynF x evjYFEFG 	 ª  22 H  ª
 2 ª4ª  mFA!n - !4#^F n
t¥%U  
 ª  22 H  ª
 2 ª4ª  F nF x x4z."E - Y % l  > 2 H m ª 9 
 E 9 S  FA$¦+n7 0 F  yn e { rau R R xK%m e R|{ r z)x r R/® u R  R x w xim h R z R   j)enr%e l j q x j l qqsh  evj evr R x rce l j  l o x jv 87-, { qu R z h m Rx l r%evo l o rau R mvl!l   8t
V M9W2XZY\[]YL)XIH =?>y^ @ 9 Q [O LQ Q}Y 2aM J 9 abh M  Ycaba k #$nm  F#"   F  ¦"q¦"!F¦"!$#¥¦ !4% ¦"&nCI-)5|ju  F  ¦"q ~ n ) nm i mV U-)r)iG)  $m S tA-)c%3F "%U a& )r-W yry! -) ) )c%U   D F W . H *r¦	W ­ H *¦ S n 
 >A@  > t: y 5D! K)%U   B) "F"A5P  m(& GJ-- A!,) a ¨  F  n#
 ¨  F  yn x xz."E! " -  ! h >  ©  2 ª m$# 2   H ¨ F $n - !$%NFA$n - SI[ x xzl% Y& .  E   & Fm4n o
t¥%U  
©  2 ª m$# 2   H ¨  F n  x x4z."E - ('$)   > 2 H* m ª 9 
 E 9 S F ¦+$n© #  TF  ynF * YFE G  © 2 H[ª F n
 )c%U 
F B)/r -¥ "B&W "
  I0
¤ j l rau R  ® lJ%z {| ©  2 ª m$# 2   H ¨  FA$n z R   j R|{ rau R x enj)ex xim x x l h)jr l o R z R qsh)r%e l j rcex R  R r ®sR R j $ r lrau R { evj Z { o lJ x jv { qu R z h m R t ¨  F  ynfe { ru R mx r R|{ r  l {a{ e )m R z)x r R$® u R j x w xim h R: %l!z h)q R z x renr R +x r%e l j enj ru R x l rcevo q l h mvz R q l j { h¡x R z evj x 97-, { qu R z h m R D tA¢:u R mx rcr R  xh { r)u x w R S x { x j evj)enr%e x r%e l jevjr R  w xim x j z > x { l j R evr R x r%e l j R z R qsh)r%e l j rcex R t@ M2 2 9 H =?> #$nm CFF#" o F  ¦"q¦"!F¦"!$#¥¦ !4% ¦"&n+)c%U   D F5W .	H *¦	W ­ H *r¦ S n
  V )( >64 @Y  * 7 0 F  yn¦  ¨ + F  n *
¢:u x r:x R x j { ximnm.m evo R r%ex R evjr R  w xim { l ow x m h Rw{ %l!z h)q R z enj rau R x l r%eno l o D  R mvl j,g*r l ru R® evj z)l ®
, * 7 0 F  n?¦1 ¨ + F  n *t 7 R q ximnm evr4ru R L ¥Q@MPONQ 9 []Y L)X.- YbX L/- t
01	2436587:9;1=<?>A@B7DC!3FEG
HJILKMIN
] ]°¯D±²w³|´?µ
    	 %W aV
		 B    F	k	U	!3	
O ORL<L  
. evw R j 87-, { qu R z h m RD F W . H *r¦	W ­ H *¦ S n  ru Ry® enj z)l ® rau x r q l j{r x evj ximvm w xim h R m evo R r%ex R enj 5r R  w xim { e {  l h)j z R z  v r ® lIz,x r R|{ * 0 Y ¦ 0 . *+¬; t 0 Y  DZY - !$# FA!n ® u)equ e { ru RR x+%m e R|{ r z R   j)enr%e l j  %l!z h)q R z enj ru R x l r%eno  ru x rz R   j R x w xim h R  0
  t 0 .  D/. - !4% F $n - S [ & Fm4nU ¨    1 @ F9n ® u)equ e { rau R mx r R|{ r Z e mnm evj<rau R x l r%evo { h)qu rau x r 9e { Z e mvm R z  v $Iru x j Z { r l rau R  l ® x+ q m?F9?¦+$n 0
7 R u x w R r l  +l w R rau x r 7 0 F  n 7 0PY 7 0 . 7  ¨  + F  n?t R r;  R ru R mvl!l   l!z v l o6 tv z R   j)enr%e l jH ¡t '  7 0 F  yn 7 0 Y e { l w{e l h { ¬
DZY Y  ª  22  ª
 2 ª4ª  mFA!n:6 DZY -
	 F n Y  ª  22  ª
 2 ª4ª  cm FAn -	 FA!n
 R l j m vu x w R r l  +l w R ru x r 0 . 7  ¨ + F  ynt$ e {/{ qu R z h m R z x r rau R z,x r R.  F $n - S\[ F­  F $n - Frm4nan D/. - S [  Fm4n
 R Z j l ® ru x r D/. 7 > t h)r { evj,q R
«ª V   «¨ F n D  D/. Y > 2  m ª 9 
 E 9 S F $¦ ª n¢:u R j
D  D/. Y x x4zE ('$)   > 2  m ª 9 
 E 9 S  FA$¦ ª n6 D/. 7 D  ©  2 ª m$# 2   [¨  FA$n enj,q R x xz E ('$)   D  >  rau R z)x r R 0 . e { x r/x l { r R PDh x m r l rau R z,x r R ¬0 . 7 >  ©  2 ª m$# 2   [¨  F $n -	 FA$n - SI[  Fm4n§ j z v z R   j)evrce l jL t ;  0 . 7  ¨  + F  n

 R xx x  ¡t ; gFenw R|{ x o lJ xh mx rce l j r li l h)j z w x m h Rw{ m eno R r%e£x R enj{r R  w x m {y +l{z h,q R z evj ru R x l r%enot¢:u)e { m R xFz { h { r l ru R o lFmvmvl ® evj,gpru R l+ R x t
  MPL ORM2 H = #$nm  *F#"   FA¦"q¦ 	 ¦ 	 ¦ 	 ¦  n "B&D  i &U" " ? 5,& > "!$#% r -) )  '& " B&D) )-W )%)  ",&  5 "|&U " a r 8 uT	 1C$ F "%U a&   )%U  )c%U  r ,-tA R&G,-V    "  UmV
w( x x4zYFE$! "   ! h V > )!*#  ©  2 ª m$# 2   «¨ FA!n -	 F nS \ Y - x xzl% .D& Y  E    Frm4n o
+,.- @0/ 13254763/ 8925476I C :<;>=?:A@CB9D [-\
]
[]
  B) 
	)&)) X"  ! " #$?"%&    
O ORL<L  
. evw sj x   , { qu  z h m   D F5W .  *r¦	We­  *r¦ S n o l x ml{l   ?FA¦"q8¦ 	 ¦ 	 ¦ 	 ¦  n  rau kjh¡x    l oyw xim h  { { e£xh m r x j  l h { m v x m evw Gevj ru  x l rcevo F*  ¦ S * n e { ru  jh¡x    8l o w x m h  {{ exh m r xj  l h { m v xim enw  enj ru  l {    w x rce l j ® evj zul ® F m  xx x  ¡t ; nt  enj,q Grau 	 sj z evj)g z,x r
  l o ru l {    w x r%e l j ® evj z)l ® { e {  ¨ + F  yn  rau  jh¡x     l o:evr  +x r%e l j {){ x juj  z h)jr%e m ru)e { z)x r
 8e {F   gFh    ¡t   n
V  ¨  + F  ynS Y  x xzY4E$  '   ! h V >  ©  2 ª m$# 2   «¨  FAn -	 F nS Y - x xzl% .D& Y  E    Frm4n o¢:u x r e { rau    gie { r   j   z l o D e { z     j  z  v rau  qwv{q m eq m evo sr%e£x enjr
   w xim { l o:rau  w xim h  { %l!z h)q  z ® enrau)enj rau  {  4evr  +x r%e l j { tq¤ o ®   g sj  +xim e r lx jv   , { qu  z h m    rau    gFe { r  j   z q l h mvz j l r  z q   z ru  x x l h)jr l o w x m h  { { exh m r x j  l h { m v xim evw   +l{z h,q  z ® enrau)enj
w(9x xz &  + V  ¨  + F  nS Y evr
  x rce l j {¤ j o x qUr  w z     j  { rau  oh  rau    l {{ e um  4evr  +x r%e l j ® u Uj x w x m h  q l h mz   Z e mvm   z ¬ x w xim h z     j  zHx r evr  +x r%e l j  q x j    Z e mvm   z x r rau  mx r  { r enj evr  x r%e l j {- wt ¢:u UjLevr q l h mz j l r  z q   z rau    UgFe { r
   { x rch x rce l j l o rau  mvl!l   |h)j %lFmvm   z w rcex  { ¬
w  x x4zYFE  '   ! h x xz &  + V>A@  ©  2 ª m$# 2   [¨  F n -	 FA!nS Y - x xzl% .D& Y  E    Fm4n o enj,q  S Y S \ x j z x {a{ h¡x enj,g x jLh ¡     l h)j z > "!$# o l >A@ ¬
w  x x4zYFE  '   ! h V > "!$#  ©  2 ª m$# 2   [¨ F n -
	 FAnS \ Y - x xzl% .D& Y  E    Fm4n o
 LZ >D@ 7 > )!*#  enj,q  >A@ e { z     j  z  v    { l h  q 4q l j { r x evjr {w evj l h  { rch z v ®  r  vLr l gFevw  x { h)enr x)m   >)!$# o l ximvm   , { qu  z h m   { t   x {a{ h¡x *rau sj rau  ® l { r q x {  ® u    2rau     { l h  q  q l j { r x enj{r { z)l j l r     x evr x jv  xximnm   m e { x   sr ®   Uj l    +x r%e l j {wet tyru wv x   {   Dh Ujr%e ximvm v { qu  z h m   z t  *qu l!l {   ¬> )!*# "!YFEFG E 9 F$#n
x { x { h)enr xum   h ¡   % l h)j z o ltx jv >A@ t

> 9 Q@MCL  '& } &)(  & @ L<L@;¥Q¤ oyrau    e { j l qwv{q m  *enj ru  ml{l    F0D¦+*8¦ 	 ¦ 	 ¦ 	 ¦  n et t S \ ",  rau sj rau    *e { j l    Uq  z  Uj,q q l j { r +x evjrGo l h)e mvz evj)g x w xim e z qwv{q m eq { qu  z h m  t §   , { qu  z h m  2r  e  { r l  h)r ximnm  l    +x r%e l j { x+ximvm   m evj rau  x l r%enoTF {      gFh   .-¡t %&nt § w xim e zHmvl ®   % l h)j z o l evj)enr%e x r%e l j evjr
   w xim evj rau)e { q x {   e {
S Y ; x j z rau q l   { l j z evj,g2w xim e z h)j +limvm enj,g z  g    e { ¬x x4zYFE$! "   ! h > "!$#0/ ©  2 ª m$# 2 21 [¨ F#n43 	 F$#n43 x xzl% .D& Y  E    Fm4n o
] ]°¯D±²w³|´?µ
  % 	 %W aV
		 B    F	k	U	!3	
λmaxh .
w
rδ (v)h
h
L
.....i i+1 i+2
Iteration
Time
t=fd(G)
t+h
t+2h=L-CloseToSink(v)+
t+3h
i+jZ egFh   0-¡t   ¬   {    w x rce l j ® evj zul ®
a
b  a
c  b  a
d  c  b  a  
    d  c   b
        d   c 
              d
(b) motif of the parallel loop
a
d
c
b
(a) the parallel loop
L
ZfevgFh    -¡t %¬1Z,h mvm v  x+ximvm   m ml{l U{
[-\
]
[]
  B) 
	)&)) X"  ! " #$?"%&   
~%$/  9q*k 9q
 ¥
¡¥U *'&
¡()( 8 k§ or   q l x  hur%evj)g x w x m e z h)j +limvm enj,g z  g     x j zx or    h)e mvz evj,g rau  huj +lFmnm   z ml{l [/®   q x jh {  l h  - §/. r
 qu j)e  Dh pr l q l x  hur
 pru    UgFe { r
   { x r%h +x r%e l j[t  h)r { l x pq x   { xh { r    r xZ  Uj ® u sj   z h,qUenj,g enr   Uq x h {   ®   { u l h mvz Z     enj l h  x evj z ru x rtrau h)j %lFmvm   z - §/. ® e mvm[      %lFmvm   z r l g Urx qv{q m evq ml{l  tA¢:u     x   r ® l  +lum  wx { ru x rtq l h mzLl qUqUh  ¬; t x or      +limvm enj,g ru    z r Uj z   z - §/.  x jh mvm qwv{q m  Gq l h mz   8evjr %l!z h,q  z enj rau  ml{l [{      gih   -¡t   t
  t xFz)z evj,g {    e xim.x q {   sr ®   Uj l    +x r%e l j { ru x r z)l j l r     x evr    %lFmvm evj,g¡t § qq l+z enj,g*r l -0 sot-¡t   l j m v {    e xim x q { o +l x #:r l 	
 ® evru  Y , q l h mzT      +lFmnm   z ¡{      gih    -¡tt
g
a
d e
f
b c
10
10
6
7
116
8 8
8 8
7
(5, 1)
(10,1)
(5, 1)
(7, 0)(8, 0)
(6, 0)
(5, 3)
(8, 0)
11
55
0
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(b) the rerolled graph could not be built
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